I Introduction
Over the past years rare-earth doped phosphors attracted more attention due to their high potential as conversion phosphors in light-emitting diodes (LEDs) for lighting or displays. [1] [2] [3] [4] [5] [6] In lighting, the combination of a blue-emitting LED with yellow-or with a combination of red-and green-emitting conversion phosphors are used. Eu 2+ has shown to be a suitable activator for realization of applicable LED phosphors. 7 Eu 2+ -doped thiogallates, in particular CaGa 2 S 4 , SrGa 2 S 4 and BaGa 2 S 4 , , have shown interesting luminescence properties which makes them attractive for blue-excited LED devices. [8] [9] [10] [11] [12] [13] [14] [15] However, from an application point of view, the thermal quenching of Eu 2+ emission in these compounds at the operation temperature of the LED chip, which can reach 150ºC (420 K), is a major problem. Literature reports that T 50% , defined as the temperature at which luminescence intensity drops to 50% of the initial lower temperature value, is at 400 K for Eu 2+ -doped CaGa 2 S 4 , 16 and at 475 K for Eu 2+ -doped SrGa 2 S 4 when compared with the initial intensity at room temperature. 17 Thermal quenching in Eu 2+ -doped MGa 2 S 4 was studied extensively and several thermal quenching mechanisms were proposed, like increased absorption by the host, 16 hole transfer from the Eu 2+ 4f ground state level to the host-lattice valence band, 18, 19 or thermal activation of an electron from the 5d level of Eu 2+ to the host-lattice conduction band. 9 Besides, it was found for Eu 2+ -doped SrGa 2 S 4 that thermal quenching is significantly stronger for higher Eu 2+ concentration, which was attributed to a locally smaller energy separation between the excited 5d state and the conduction band (CB). 17 The mechanism assuming that thermal quenching proceeds via ionization by thermal excitation of an electron from the Eu 2+ 5d state to the hostlattice CB gained a lot of acceptance over the past few years. 20 
III The vacuum referred binding energy schemes
In order to understand the thermal quenching differences between the iso-structural compounds CaGa 2 S 4 and SrGa 2 S 4 , we have constructed the VRBE schemes to determine the energy difference between the Eu 2+ 5d excited state level and the CB bottom (E dC ), which is related to the effective barrier energy for thermal quenching. 20 The VRBE schemes as constructed for divalent and trivalent lanthanides in CaGa 2 S 4 and SrGa 2 S 4 are shown in Figure 1 . The details concerning the physical background of the employed chemical shift method can be found in [36] [37] [38] . has only one electron in the 4f-shell leading to the most simple 4f-5d excitation spectra and the energies of the 4f-5d transitions are the lowest amongst all trivalent lanthanides, which can be conveniently studied in the UV-VIS part of the spectrum: [36] [37] [38] From the position of E V , the exciton creation energy E ex , and the electron-hole binding energy E eh in the exciton state, the VRBE of the electron in the exciton state E X and at the bottom of the conduction band E C , are found:
For wide band-gap ionic compounds, E eh is estimated at 8% of the band-gap energy. It appears that this percentage lowers when moving to smaller band-gap, namely more covalent, compounds, such as CaGa 2 S 4 and SrGa 2 S 4 . Thus, as approximation, we estimated that the exciton binding energy is 4-5% of the band-gap, so about  0.2 eV. 40 Finally, E dC is determined by the equation:
with E vc the energy difference between E V and E C , and E fd (7,2+) the energy difference between E 5d (7,2+) and E 4f (7,2+). Table 2 summarizes the experimental input data collected from the cited literature used to construct the VRBE schemes shown in Figure 1 , and the model output data. We selected data pertaining to compounds with the lowest Eu 2+ concentration and if available measured at low temperature, in order to prevent a possible influence from concentration or thermal quenching. To clarify the nature of the contribution of the different elements to the electronic properties of CaGa 2 S 4 and SrGa 2 S 4 , electronic structure calculations were performed using the firstprinciples code VASP (Vienna Ab initio Simulation Program), 48, 49 which employs the density functional theory (DFT) 50, 51 within the Projector Augmented-Wave (PAW) 52, 53 method that belongs to Generalized Gradient Approximation (GGA) by Perdew-Burke-Ernzerhof (PBE). 54 The cut-off energy of the wave functions is 500 eV and that of the augmentation wave functions 700 eV. The electronic wave functions were sampled on dense grids in the Brillouin zone (BZ) of crystals using the Monkhorst and Pack method. 55 Tests showed that the present settings produced reliable results with good convergence within 1 meV/atom. The calculated total and partial density of states (DOS) curves are shown in Figure 2 . The lower part of the valence bands (from -6 to -4 eV), is dominated by S 3p and Ga 4s, while the upper part (from -4 to 0 eV) by S 3p and Ga 4p. The lower part of the conduction bands (from 3 to 4.5 eV) are dominated by Ga 4s states. The calculated band gap is about 3.0 eV, which is lower than the experimental values. This is not unusual since the DFT generally underestimates band gaps of semiconducting/insulating compounds. 56 The Fermi level is set to be at the top of the valence band. The contribution of the Ca 3d/Sr 4d states are more dominant in the upper part of the conduction bands (from 4.5 eV). Namely, the hybridization between the S 3p and Ga 4p determines the band structure near the Fermi level due to the covalent nature between Ga and S. Therefore, the overall electronic properties of the CaGa 2 S 4 and SrGa 2 S 4 crystals are largely determined by the Ga-S framework. In other words, they are not related to the states of the alkaline earth cation. So, in order to understand the origin of the low lying conduction band in CaGa 2 S 4 versus SrGa 2 S 4 , one has to understand why the Ga 4s states have low VRBE.
In both CaGa 2 S 4 and SrGa 2 S 4 , Ga occupy 2 sites that are in the center of a sulphur tetrahedron. In order to investigate the differences, the Ga-S distances determined by Rietveld refinement from the investigation of Nazarov et al. are reported in Table 3 . In CaGa 2 S 4 , the average bond length of the four Ga-S bonds is 224.8 pm with a bond length variation of at most 2.3 pm for Ga1 and 225.2 pm with a variation of 4.2 pm for Ga2, suggesting that the tetrahedral coordination is reasonably regular. In contrast, for SrGa 2 S 4 , the average Ga-S bond length is 226.6 pm with a bond length variation of 24 pm for the Ga1 site, and 228.1 pm with a variation of 10 pm for the Ga2 site. So, the tetrahedrons are quite distorted, with one of the Ga-S2 bonds being much shorter compared to the three others. Table 2 . Experimental input data used to construct the VRBE schemes for the divalent and trivalent lanthanides doped in CaGa 2 S 4 (a) and SrGa 2 S 4 (b), shown on Figure 1 , and the model output data to construct the VRBE scheme for MGa 2 S 4 (M=Ca or Sr). All energies are in eV.
The experimental input data are indicated in italic. 
